This research forms part of an investigation into heavy element abundances in Asymptotic Giant Branch (AGB) stars in various stellar environments. Seven giant stars in the southern globular cluster 47 Tuc have been observed using the Anglo-Australian Telescope. Abundances for five s-and r-process elements have been determined: the light s-process elements, Y and Zr; the heavy s-process elements, La and Nd; and the r-process element Eu. Mean enhancements in the light s-process, [ls/Fe], of ∼+0.6 dex and heavy s-process elements, [hs/Fe], of ∼+0.3 dex were determined for all the giant stars. There was no statistically significant difference between the abundances determined for the Red Giant Branch (RGB) and AGB stars in this study. The results for the RGB stars differ from those obtained by a number of previous studies. However, because of the similar abundance results obtained for the AGB and RGB stars in this study we believe this provides evidence for previous enrichment of the material from which these stars formed.
Introduction
The AGB phase is a very short stage of stellar evolution. However, the s-process nucleosynthesis that occurs during this phase is of great consequence in the understanding of element formation and recycling in the cosmos. Nucleosynthesis is also an important tracer of temperature and mixing in stars and, consequently, understanding the nucleosynthesis that occurs during this phase is a vital tool in astrophysics (Busso et al. 1999) .
For most of the AGB evolution, the He-burning shell (hereafter just the He shell) remains inactive. However, periodically, the shell undergoes a thermal runaway and generates enormous quantities of energy for very short periods of time, resulting in a thermal pulse, or shell flash. AGB stars experience many recurring thermal pulses during their lifetime and it is the nucleosynthesis, heavy element formation and mixing (Third Dredge Up, TDU) occurring throughout this phase that has implications for this research.
Globular clusters provide an excellent environment for studying stellar evolution. It is assumed that all the stars in any given cluster are of similar age and at the same distance. Therefore, a color-magnitude diagram provides the phase of evolution of any particular star and a clear distinction between Red Giant Branch (RGB) and AGB stars. It is assumed that all stars will show similar abundance characteristics. However, the globular cluster M15 has been shown to have a real star-to-star variation in the abundances of elements made by neutron capture (Cohen et al. (2005) and references therein). Three previous studies of the metal-rich cluster 47 Tucanae (Brown & Wallerstein (1992) , hereafter BW92, James et al. (2004) , hereafter J04, and Alves-Brito et al. (2005) , hereafter AB05) involved an extensive element abundance analysis of RGB stars. Results of specific interest to this paper are shown in Table 1 with the number of stars observed in each study also listed. One key result from this work was the large range in light s-and heavy s-process element abundances.
The AGB stars differ from their RGB progenitors as a result of subsequent nucleosynthesis and the TDU (Habing & Olofsson 2003) . However, the AGB stars in 47 Tucanae are thought to have too low a mass to undergo the TDU phase responsible for producing s-process enhancement on the star's surface. Consequently, no major s-process enhancement over their RGB progenitors is expected to be observed in these stars.
Section 2 discusses the observations and the methods used for the reduction of the data. Section 3 describes the method used for analysis of the data, including stellar parameter determination, atomic and molecular line lists chosen and the method for establishing oscillator strengths. The results of this research are presented in Section 4 and trends in both light and heavy s-process elements are given along with the r-process element, Eu. Finally, in Section 5 some possible explanations of these results are discussed. Specific theories are presented along with justification and ideas for further work.
Observations and Reduction
Many photometric studies of 47 Tucanae have been undertaken, and the resulting colormagnitude diagrams provide an extensive list of potential AGB star candidates. Specifically the color-magnitude diagrams produced using data from (Chun & Freeman 1978) and the IRAF 2MASS study (Skrutskie et al. 2006) 1 , and a spectroscopic study by Mallia (1978) , have resulted in a list of AGB stars which were chosen for this work (Table 3) .
While Mallia classified these as AGB stars, other photometric data (Chun & Freeman (1978) ; Skrutskie et al. (2006) ) confirmed AGB status for 5 of the stars but found that two stars, W66 and W68, fall on the RGB in the color-magnitude diagram (see Figure 1) . The classification from Figure 1 was adopted, breaking our group into five AGB and two RGB stars. All seven stars were observed using the 3.9m Anglo-Australian Telescope and UCLES during 2004 August. Details of preciese coordinates of the target stars and recent magnitudes are shown in Table 2 . Spectra were obtained for all wavelengths from 4400 to 6900Å. The spectral resolution was about 40,000 with the EEV2 detector, with the slit width set to 1.5 arcsec. In order to give complete coverage over the required wavelength interval, observations were centered around 5363Å. With all stars having magnitudes brighter than V=13.0, as many as five exposures were taken of each object, with an exposure time always less than 1800 seconds to minimize cosmic ray pollution. The data were reduced at the University of Canterbury using the FIGARO software. The reduced exposures for one star were then co-added to produce overall signal-to-noise ratios in the final spectrum of greater than 40.
Analysis
Atmospheric parameters were deduced using spectroscopic analysis of Fe I and Fe II lines. Equivalent widths of Fe I and Fe II lines were used as input into the current version of the spectrum analysis code MOOG (Sneden 1973) and run with a variety of stellar atmosphere models until the most appropriate one was converged upon. The relationship between derived abundance and excitation potential enabled the effective temperature to be determined, while the abundance and log(W/λ) relationship helped to refine the microtur-bulent velocity, see Figure 2 . The gravity of the model was established by comparing the abundance agreement of the Fe I and Fe II spectral lines.
The most acceptable stellar atmosphere was chosen to be the one with which the Fe I and Fe II abundances never differed by more than +0.1 dex. Table 3 lists the atmospheric parameters settled on for each star analyzed.
The effective temperatures and log g values calculated from photometry are also shown. Photometric effective temperatures were found using the calibrations with colors and [Fe/H] published by Alonso et al. (1999) , while photometric log g values are found via basic stellar structure equations. In most cases, the temperatures found spectroscopically are ∼200 K greater than those found via the Alonso calibration. The J-K temperatures are consistently lower than the B-V temperatures by about 200K. Reasons for this are unknown, although the Alonso (1999) paper claims that the established calibrations begin to diverge at T<4500K. The spectroscopic and photometric gravities agree to within +0.3 dex.
All stellar atmosphere models used for these stars were found via interpolation of the Bell et al.(1976) model grids for cool stars. Determination of the correct stellar atmosphere model is crucial, as incorrect atmospheric parameters can result in large abundance discrepancies.
Another crucial choice in the abundance analysis is the selection of spectral features and atomic line data. Care was taken to select unblended lines wherever possible, although due to the presence of molecular bands blended lines are often unavoidable. Over the wavelength range observed, 4400 to 6900Å, molecular bands play a major role in stars at these temperatures, with the dominant feature being bands of TiO. Molecular line parameters for TiO were taken from the lists published by Plez (1998) .
Approximate equivalent widths were measured and all lines with line strengths log (W/λ)>-4.5 were excluded from the final analysis. A list of all lines and parameters used for the analysis of heavy elements is shown in Table 4 . All atomic line parameters were taken from Kurucz's lists 2 , as were molecular line parameters for MgH, CN and C 2 . However, for greater accuracy, oscillator strengths for the s-and r-process spectral features were refined from the original values. A difference of + 0.1 dex in log gf will effect the derived abundance by as much as +0.1 dex, so it is crucial to define the log gf values as accurately as possible. There are currently two different methods for establishing oscillator strength values. Recent laboratory values have been published for Y (Biemont et al. 1981) , Zr (Lawler et al. 2001) , La (Den Hartog et al. 2003) and Nd (Hannaford et al. 1982 ), but it is also possible to determine values via a reverse solar analysis. Hyperfine splitting was taken into account for all La II and Eu lines. The effects of hyperfine splitting in lines of Nd II are minimal so was not included for the Nd II lines in this analysis.
In this research, the latter method was chosen and a reverse solar analysis was undertaken to establish log gf values of all heavy element lines. A solar model of T ef f =5770K, log(g)=4.44 and v=1.4km s −1 was used, with the published solar abundance values of Anders & Grevesse (1989) . This method results in a solar model being built into the abundance analysis. However, as is shown in Figure 3 the values obtained via reverse solar analysis correlated well with recent lab values, thus minimizing any effect of incorporating the chosen solar model. This agreement between lab and solar log gf values, as little as +0.1 dex, ensures there is a minimal effect of using the solar model to define log gf values.
Results
Results for all the stars in our program are shown in Table 5 , which gives abundances for the s-process elements studied. The standard notation is adopted, i.e. [X/Fe]=log(X/Fe) ⋆ -log(X/Fe) ⊙ . Mean values and associated σ values are shown in Table 6 , along with ratios of [ls/Fe], [hs/Fe] and [hs/ls] . Mean values are shown for all seven stars observed, and a second mean value shown for the sample with the two RGB stars ignored. In general, there is little difference between the mean values derived from the two samples. For the purposes of this research 'ls' is defined as the average of the abundances obtained from YI, YII, ZrI and ZrII, while 'hs' is that obtained from LaII and NdII. Sensitivity of abundances to the chosen model atmosphere parameters was undertaken over the range of derived atmospheric parameters, and results of this analysis are shown in Table 7 . The analysis was undertaken using approximate equivalent widths for these lines, although due to the use of spectrum synthesis for s-process lines, these equivalent widths are indicative only. Over this range of temperatures, the sensitivity of the derived abundances is small. Sensitivities are also similar to previously published results for AGB stars of similar temperatures and gravities (Smith & Lambert 1985) .
Fe Abundance
The three previous studies of RGB stars used for comparison in this research found [Fe/H] to be between -0.81 (Brown & Wallerstein 1992) (Harris 1996) . Fe I and Fe II abundance values agree to better than 0.1 dex. The sigma value of the derived [Fe/H] value is σ=0.04. It should be noted that both Brown & Wallerstein (1992) and Alves-Brito et al. (2005) also found a range in Fe abundance in their studies of RGB stars, perhaps suggesting that a non-uniform Fe abundance in 47 Tuc is present.
Light s-process
As can be seen from Table 5 , all seven stars analyzed showed marked s-process enhancements relative to Fe. Examples of spectrum synthesis of Y and Zr are shown in Figures 4 and 5. The observed spectrum of the star W66 is shown as crosses. The four lines show synthetic spectra with different abundance values. The spectrum was always synthesized with the particular species absent from the synthesis to ensure that the line analyzed was not overly blended. This synthesis is shown by the short dashed line. The other three lines show syntheses with varying enhancements.
It was possible to measure both neutral and ionized lines for the light s-process components, Y and Zr. Generally, the two ionization levels within a given element agreed (see Figure 6 ), although two stars, W68 and 384, showed discrepancies between Zr I and Zr II of over 0.2 dex. The possibility of this being due to an incorrect choice of gravity in the stellar model seems slim. However, the cause of this disagreement between ZrI and ZrII is uncertain. As is seen in Figure 6 the Y I and Y II abundance and Fe I and Fe II abundance both agree to <0.05 dex in both cases.
From Table 1 , it is clear that in the RGB stars of 47 Tuc all previous studies found an underabundance of the s-process element Zr. The average derived [Zr/Fe] value is ∼-0.3. However, this study has found that all the giant stars observed (both AGB and RGB) gave an average [Zr/Fe] value of ∼+0.6. This is a major difference from the value found in the previous studies of the RGB stars of the same cluster, so further investigation was undertaken. In order to reliably compare between the abundances derived from the RGB stars and this paper, a check was undertaken to ensure the results were consistent and no external discrepancies may be causing this large difference.
The equivalent width data from BW92 was obtained from the publishers and used as input into MOOG. This ensured that any potential error from the modeling or synthesis was minimized. When the equivalent width data from BW92 was used in MOOG, it produced the derived abundances that BW92 reported. This demonstrates that any source of error from the choice of models or synthesis technique is negligible. A second check was undertaken in which the published Zr abundance from BW92 was synthesized and compared with the observed spectrum of one of the RGB stars from this study (W66). From Figure 7 it is clear that there is an enhancement in the Zr abundance relative to the BW92 RGB values. It should be noted that Ramírez & Cohen (2002) found a similar range of Zr abundances in bright giant stars in the globular cluster M71.
Heavy s-process
It was only possible to measure ionized lines for the heavy s-process components, La and Nd. Ba was not used as many Ba lines are saturated and consequently are too strong to produce reliable abundance results, with log (W/λ) values >-4.0.
From Table 1 , it is clear that in the RGB stars of 47 Tuc, BW92 found a slight enhancement of La II, ∼+0.2 dex while AB05 found slight enhancements in both La, ∼+0.1 dex, and Ba, ∼+0.3 dex. The only element studied in common with this study was La II, which was found to be enhanced by between ∼+0.2 and ∼+0.5 dex in both the RGB and AGB program stars of this study, with a mean value of +0.31. This is clearly a larger enhancement than that previously found in the RGB stars of earlier studies. Nd II, which is also a heavy s-process element, from the same peak as La and Ba, was also found to be enhanced by about the same amount, with a mean value of +0.42 dex. More interestingly, both elements appear to be similarly enhanced in individual stars, suggesting that the origin of this enhancement is increasing both heavy s-elements together.
r-process (Eu)
The Eu abundance is of interest as Eu is a solely r-process element and, consequently, is a good indication of the extent of r-processing in the primordial material of this cluster. An example of the spectrum synthesis on the Eu 6645Åline is shown in Figure 8 .
All previous studies of the RGB stars found Eu to be well enhanced, with values of [Eu/Fe] ranging from +0.17 to +0.33. This study also found Eu to be slightly enhanced, with values ranging from around solar, ∼-0.08, to ∼+0.26. This general agreement with the RGB stars lends strong support to claims of a genuine s-process enhancement as it is not expected that stars in a globular cluster should differ in their r-process abundances.
Na Abundance
The Na abundance was also measured as a way of estimating CN strength. Cottrell & Da Costa (1981) and Norris & Freeman (1979) observed a distinct CN bimodality in 47 Tuc, with the added feature that Na was enhanced in the CN strong stars. There is also a reliable correlation between enhanced Na and CN strength. Na abundances in these program stars varied from +0.3 to +1.0. This may be an indication of a range of CN strengths in these stars. When comparing the derived Na abundance to the CN strength derived from the CN feature at 4100Åpublished by Mallia (1978) , there appears to be only slight agreement. The significance of the CN strength will be discussed further in Section 5.2.
Discussion
The results obtained in this work need to be interpreted in terms of our understanding of the AGB phase of evolution and binary star evolution, as well as the possibility of intrinsic star to star variations within the cluster and possibly as a result of a previous generation of stellar processing. The main reason the AGB phase is so interesting to astrophysicists is the nucleosynthesis and heavy element formation that can occur throughout this phase.
s-process element formation in AGB stars
The s-process consists of neutron capture followed by a beta decay, where the neutron capture is slow relative to the beta decay. Two neutron sources have been suggested: 22 Ne(α, n) 25 Mg and 13 C(α, n) 16 O. If the temperature is sufficiently high the 22 Ne reaction provides the neutrons. However, this is achieved only in relatively massive AGB stars (M>3M ⊙ ) when the temperature in the helium-rich intershell region reaches 10 8 K. This temperature can be reached in stars which have masses around M∼1-2M ⊙ but usually during the later thermal pulses. The second possible neutron source is the 13 C reaction. During the dredgeup phase (TDU) of the thermal pulse, partial mixing occurs at the bottom of the convective envelope and protons are deposited into the intershell region. The protons then combine with the 12 C present to form 13 C. If there are enough protons in the envelope then the CN cycle can proceed, forming 14 N. One of the consequences of this process is a layer of enhanced 13 C which forms in a pocket, known as the 13 C pocket. This 13 C pocket is where the majority of s-process element formation is proposed to occur.
During the next thermal pulse, these s-process products are mixed into the convective shell, where further nucleosynthesis can occur, including a brief burst of neutrons from the Both the first and second dredge up act to mix to the surface regions that have undergone H burning through the CNO cycles and consequently increase the abundances of 13 C, 14 N and 4 He. There are also associated decreases in 12 C, 16 O and 18 O. The minor difference between the two is that the second dredge up mixes material that has burned all of the available H and therefore produces large abundance changes, whereas the first dredge up mixes regions that have only undergone partial H burning.
Specific discussion of these results
There are three possible scenarios to be considered when explaining the observed enhancements of s-process elements in these giant branch stars. First, a possible adjustment may be needed in low-mass AGB modeling (5.2.1); second, these AGB stars could be the by-product of an earlier evolved binary system (5.2.2); or third, it may be that the observed enhancement is a result of a genuine star to star overabundance present in 47 Tuc (5.2.3).
AGB modeling considerations
After core He exhaustion a star moves toward the AGB. The first part of this evolution is called the Early-AGB, which is terminated when the first thermal pulse occurs and the star starts its Thermally-Pulsing AGB evolution. Following most thermal pulses, dredge-up will mix to the surface any s-process elements in the intershell region. With each subsequent pulse the overall neutron exposure increase and hence the relative abundances of the ls (eg. Sr, Y and Zr) and hs (eg. Ba, La and Nd) elements change. During the earlier pulses we expect the ls elements to dominate but this will shift to the hs element as neutron capture progresses. The number of neutrons released are expected to be largely independent of the metallicity of the host star, being produced mostly by some mixing or hydrodynamic process. Hence, if the number of neutrons is primary, then the neutron exposure per seed will depend mostly on the number of seeds present; thus stars with low [Fe/H] will absorb more neutrons per seed than stars with a higher [Fe/H]. Thus we expect low metallicity stars to show relatively more hs species while higher metallicity stars, such as found in 47 Tuc, would show more ls species (see Figure 12 in Busso et al. 1999 Gallino et al. (2004) . As is discussed in that paper, at any given metallicity, a large range of 13 C pocket efficiencies needs to be adopted to incorporate the large scatter in the observational data. Stellar models predict a large range of [ls/Fe], [hs/Fe] and [hs/ls] depending on the choice of the 13 C pocket parameterization. The s-process enhancement varies over the first few thermal pulses, reaching an asymptotic value after about 10 TDU episodes. 13 C)=3 x 10 −6 M ⊙ burnt per pulse, to both higher and lower values. A major conclusion to be drawn from these figures is the value chosen for the 13 C pocket parameterization. Figure 10 suggests a choice of between ST/6 and ST/12 and Figure 11 suggests between ST/3 and ST/6. Figure 12 presents an ambiguity of parametrization choices, however, the values of ST/6 to ST/12 are not ruled out by these [hs/ls] values, with ST/12 remaining a viable option. While the specific values vary, all three figures agree that the choice for the 13 C pocket efficiency should be less than the standard choice. These results may also be explained by the amount of 12 C that is left in the He intershell. This is less than is present in the 13 C pocket, and if it is comparable to the ST/10 value then this may be the origin of the neutron source.
Taken at face value this scenario would be a possible explanation of the observations even though TDU has not been predicted to occur in such low mass stars and at such low luminosities. However, one major difficulty with this is that the two RGB stars in this study have similar abundances to the AGB stars and already have ls and hs enhancements. Consequently, little or no TDU mixing would be required to transform the RGB ls and hs element abundances to the AGB abundances for these elements.
Binary star system
The typical mass of a genuine AGB star in 47 Tuc is ∼0.75M ⊙ , slightly lower than the turn-off mass of M∼0.85M ⊙ (Gilliland et al. 1998) , and thought to be too low to undergo TDU. However, 47 Tuc has been shown to have a large number of blue straggler stars (BSS) (Ferraro et al. 2003) . A model has been suggested (Cristallo, private communication) in which a 0.7M ⊙ AGB star is formed through mass transfer in a binary star system. In this scenario, two stars of initial mass 1.4M ⊙ and 0.5M ⊙ are in a binary system. The larger star evolves in 2.5Gyr to the AGB and is massive enough to undergo s-process formation and the required TDU to enhance the surface abundance. Once this star has filled its Roche lobe, this mass is transferred to the smaller companion, which begins life again near the zero-age main-sequence for a star with its new mass. This new star, of M=1.1M ⊙ evolves over 8 Gyr to form an AGB star of 0.8M ⊙ , enhanced in s-process from the previous evolution. It is this AGB star that we observe today. This model is entirely consistent with the accepted age of 47 Tuc of 11.1 +1.1 Gyr. However, it seems unlikely that all seven of the stars we observed have undergone this scenario. Figure 13 presents a third explanation. If we accept the placement of W66 and W68 in the CMD, these two stars appear to lie on the RGB of the CMD. While Mallia (1978) claimed these were AGB stars, two specific photometric studies (Chun & Freeman 1978; Skrutskie et al. 2006) give values of V and B-V and J and J-K respectively that place these stars on the RGB. If this can be believed and these stars are on the RGB then their values, when taken with the values given by previous studies, indicates a true spread in RGB values of [hs/ls] . This may be indicative of the presence of a broad distribution of [hs/ls] in 47 Tuc. The other alternative is that there are zero point problems between the different studies of RGB stars in 47 Tuc. Only a larger, consistent survey using medium to high resolution data can resolve this issue. Figures 14 and 15 show two spectra in the region of light s-process elements stacked in order of increasing temperature. From these figures it is clear that there is no real trend with effective temperature, suggesting that any spread of s-process enhancements are genuine and indicative of a real star-to-star scatter present in the stars of 47 Tuc. This can also be seen when considering the spread of RGB abundances shown in Figure 13 .
Genuine star-to-star scatter
Further strengthening the argument for genuine star-to-star scatter in abundances is the distinct spread in Na abundance we observed. There is a well defined correlation between Na abundance and CN strength, as well as a firmly established bimodal CN strength in 47 Tuc (Norris & Freeman 1979) . There is a strong suggestion that this CN strength is indicative of the presence of two separate stellar populations in 47 Tuc. The presence of at least two populations of stars in 47 Tuc may also explain the spread in [hs/ls] seen in Figure 13 and would help to explain the range seen in the RGB stars. This group of giant stars displays a Na abundance spread from [Na/Fe] = +0.31 to +1.04. If this Na abundance spread is indeed evidence of CN strength, then it can be assumed that there is also a distinct CN spread in these giant stars.
Conclusion
AGB nucleosynthesis is dependent on a number of factors. From the theoretical viewpoint, the most important are typically the stellar mass and composition and the mass loss rate during the later stages of their evolution. Significant uncertainty exists at present concerning the efficiency of the third dredge-up phenomenon. Details of the 13 C pocket, both its formation and the resulting abundance profile, are still not known. Much evidence exists to support the idea that a spread in 13 C pockets is required to match the observed s-process abundances, both in stars and in pre-solar grains. The details of the mass-loss prescription are also important: at what stage does the envelope lose its mass and at what rate? This affects the evolution as well as the nucleosynthesis.
Extensive observations of AGB stars are needed to help limit and refine the basic parameters assumed during AGB nucleosynthesis modeling. The giant stars observed in this research show marked s-process enhancement relative to the RGB stars in other studies of 47 Tuc. This is completely contradictory to the theoretical predictions since these AGB stars are believed to be too low in mass to undergo TDU and the related s-process element enhancements.
Of the possible scenarios proposed to explain these enhancements, the most likely seems to be the possibility of a genuine spread in element abundances in individual stars in 47 Tuc. Any star-to-star scatter would be explained by primordial processes, which would remove the need to reassess the assumptions made in low-mass AGB modeling. A large sample survey of stars at various evolutionary phases and extensive abundance analysis of a range of key nucleosynthetic indicators would help to confirm whether this proposed star-to-star scatter is real. Chun & Freeman (1978) ; the exception is W68, where the values are taken from Wildey (1961) . The J and J-K values for all stars are taken from the IRAF 2MASS survey (Skrutskie et al. 2006 )(http://irsa.ipac.caltech.edu). While the Fe abundance agrees within uncertainties, there is an obvious discrepancy between the RGB stars studied previously and the giant stars from this study in the s-process elements, particularly at the light s-peak. 
